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Transcription factors (TFs) are proteins that respond to a specific chemical signal and
bind to DNA. In some bacteria, TFs control transition metal ion homeostasis by specifically
binding with a particular metal ion or ions and then interacting with DNA. Although most first
row metal ions are required as micronutrients for life, many of them can cause cellular damage
or death if their concentrations are too high; this makes these TFs and their biological
interactions excellent targets for drug development. The bacteria, Streptococcus pneumoniae is a
pathogenic microorganism responsible for a range of diseases that target the young and the old,
including pneumonia, meningitis, and bacteremia. Herein, we describe our efforts to study the
Streptococcus pneumoniae TF responsible for copper(II) ion homeostasis. This thesis describes
the classical biochemical techniques used to over-express and purify CopR. It also describes a
series of preliminary characterization data associated with this novel copper(II)-dependent TF.
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CHAPTER I
INTRODUCTION
Transcription factors
Transcription factors (TFs) are proteins that bind with DNA and promote transcription of
specific genes.1 These proteins bind to specific sites in the DNA of an organism, and regulate
different cellular functions such as cellular growth, development, and differentiation. In general,
TFs can be categorized into two types; (1) activators that promote gene expression, and (2)
repressors that suppress the expression of genes. 2 Some TFs are known to maintain metal ion
(zinc(II), iron(II), and copper(II)) homeostasis in cells,3 where they modulate gene expression to
adapt to new cellular environments, which affords the cell to rapidly adapt to extreme and
dynamic conditions.4
Functions of transcription factors in bacteria
TFs are responsible for several functions in bacterial cells, which include metal ion
homeostasis and modulation of gene expression as described below.

Metal Homeostasis
Trace amount of ionized transition metals such as zinc, and copper are the essential
components in proteins such as TFs.5 These metal ions provide stability to the structural domains
and assist in catalytic reactions when bound to proteins. Despite their need, the metal ions like
copper and iron can also act as catalyst to produce harmful free radicals through a range of redox
1

reactions.6 Moreover, the excess presence of one metal ion can result in mismetallation of
metalloproteins that can lead to further disruption of cellular activities.3, 7The metal ion
regulatory or responsive transcription factors are involved in maintaining intracellular metal ion
concentrations or adaptations to various cellular stresses such as exposure to heavy metals and
oxidative stress.5 Throughout this thesis, the terms “metal ion” and “metal” will be
interchangeably used. However it should be noted for clarity, that in all cases we are referring to
the charged, ionic form of the metal, which are used throughout biological systems.
As metal ions can neither be created nor destroyed, the key factor for homeostasis is
transport of these ions in and out of the cell. Nevertheless, adjusting to both metal deficiency and
abundance is a complex process. To accomplish this task, bacteria have a series of proteins that
respond to different concentrations of metal ions.8 These transcription factors bind a specific
metal ion or ions, which in turn suppress or enhance the protein’s affinity to bind to DNA.9
Different families of metalloregulatory proteins regulate the concentrations of different metals
within the cell. For example; the CopY family consists of metalloregulatory proteins that sense
copper. CopY from E. hirae has been shown to regulate the copper intake and efflux via
monitoring the copYZBA operon.9 CopR from the Streptococcus mutans, belonging to CopY
family of TFs regulates copB and copRZA operons, which are copper regulating genes that also
contribute to regulates oxidative stress response.10 Similarly, various proteins of MerR family of
TFs are responsible for different metal sensing such as; gold(I) is regulated by GolS,
cadmium(II) is regulated by CadR, and zinc(II) is regulated by ZntR.9 Additionally, zinc
homeostasis in pathogens such as Streptococcus pneumoniae is done by TFs like SczA and
AdcR. SczA belongs to TetR-family of TFs,11 where it has been reported that SczA activates the
czcD gene of S. pneumoniae to regulate zinc(II) ions efflux. After activation of czcD gene, DNA
2

motif is conserved by zinc(II) binding to SczA. However absence of zinc(II), SczA completely
blocks the expression of czcD by binding and inactivating the czcD promoter.12 AdcR which
belongs to MarR family of TFs, controls zinc(II) influx into the same S. pneumoniae cells.13,14
Modulation of gene expression
The TFs modulate gene expression through equilibrium binding with specific DNA
sequences. Most TFs bind an antagonist, which is typically thought to induce an allosteric
change in the protein structure that modulates its DNA binding affinity. Generally, there are two
possible outcomes controlled by TFs, they can activate or up-regulate gene expression or they
can repress or down-regulate gene expression.15 In eukaryotic systems, the misregulation of
genes by disrupting TFs and their ability to effectively bind to the DNA leads to various
diseases, including some cancers, diabetes, several known neurological disorders, and
cardiovascular diseases, among others. 16,17
Understanding the role of TFs in pathogens and especially in Streptococcus pneumoniae
Understanding the roles that TFs play in pathogenic microorganisms and defining key
biophysical interactions that can be targeted for drug development are crucially important for
disease prevention in the future. S. pneumoniae is a common bacteria typically found in most
people on the planet; however, this opportunistic bacteria can become pathogenic to humans with
compromised immune systems. S. pneumoniae infections are responsible for a multitude of
deaths and illness around the globe; where health related care costs are estimated to be billions of
dollars. Typically, S. pneumoniae forms biofilms in the nasal phalanx within most people.
However when it moves to deeper into the respiratory systems or other organs, it can lead to
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serious health issues and diseases,18 including pneumonia, meningitis, otitis media, sepsis, and
bacteremia.19,20
Some estimate that S. pneumoniae accounts for the death of 826,000 children per year
throughout the world.21 S. pneumoniae also strikes the old and immunocompromised, where it
exacerbates other conditions like cancer and HIV/AIDS. 22,23 Currently, S. pneumoniae infections
are treated by a broad spectrum antibiotic, however this microorganism is showing some ability
to become resistant to current antibiotic technologies. General broad-spectrum antibiotic
regimens also generally attack all bacteria, where some of the benign or even helpful bacteria are
caught in the crossfire. New generations of antimicrobial agents are needed that target bacteriumspecific interactions. This technology would challenge a specific pathogenic bacterium, limiting
its ability to proliferate, where benign micro-organisms are unaffected and continue their routine
activities. Our goal is to target a series of metal-dependent TFs in S. pneumoniae and their
interactions with DNA as a means to disrupt colonization and culture proliferation. Specifically,
as S. pneumoniae translocates from the nasal pharynx to the lungs, there is a different
bioavailability of micronutrients. These cells have to adapt to these new growth conditions,
specifically to the changing bioavailability of metal ions. It is noteworthy to mention that this
bacteria has finite number of genes that can assist its adaptation to these new nvironments.24
There are three metal-dependent TFs that play a role in adapting to the new growth conditions
and bioavailability of micronutrients like transition metal ions. Specifically, AdcR and SczA are
TFs that help to shape the intracellular Zn2+ concentration, and CopR that has been theorized to
control the intracellular Cu2+ concentration. In this thesis, we aim to clone and initially
characterize the metal/protein interactions associated with the Cu 2+ dependent TF CopR from S.
pneumoniae. This is a dedicated step towards fully understanding the biophysics that govern
4

CopR and its ability to control copper(II) availability in S. pneumoniae, which is a key process
that can be targeted to limit this bacteria’s ability to adapt to new tissues and thereby limit its
pathogenic nature.
Transcription factors for copper(II) homeostasis
Metals like Cu, Fe, and Zn are integral cofactors of proteins that play important roles in
the daily activities of the cell. However, all metal ions are also toxic at some level, which implies
there has to be a systematic method to monitor their concentrations within a healthy functioning
cell.25,26 Copper(II) is one of the element that is essential throughout biology, where it is used as
a reactive cofactor in oxygen carrying proteins, some oxygenases and a range of oxidases, and
perhaps most importantly it is a requirement for one family of superoxide dismutases.27
However, the copper(II) concentration in cells must be tightly controlled, because free Cu 2+
spontaneously reacts with dioxygen and related reduced oxygen species to form a series of
reactive oxygen species (ROS) that are harmful to all cells.28 Copper can exist both as copper(II)
and copper(I) in vivo, this enables it to undergo both oxidation-reduction chemistry within
biological systems.26 It has been proposed that excess copper undergoes Fenton-like reactions to
produce hydroxyl radicals and other ROS. 29 For example, copper(I) can react with O2 to generate
the superoxide O2- via reaction 1. Superoxide is a highly reactive molecule that can
disproportionate in protonic solvent to generate O2 and H2O2 (reaction 2). It can also reduce
copper(II) to copper(I) as shown in reaction 3. Finally, H2O2 can react with copper(I) to generate
hydroxide and hydroxyl radicals as shown in reaction 4.
Cu+ + O2 → Cu2+ + O2-

(1)

2O2- + 2H+ → H2O2 + O2

(2)

Cu2+ + O2-→ Cu+ + O2
5

(3)

Cu+ + H2O2 → Cu2+ + HO- + •OH

(4)

Hydroxyl radicals (•OH) are often considered the most potent ROS and generally
attributed to most oxidative damage in biology.29 Alternatively, the redox stress generated by
copper ions can lead to the depletion of sulfhydryl functional groups, which also can cause major
cellular damage (reactions 5 and 6).30
2Cu2+ + 2RSH → 2Cu+ + RSSR + 2H+

(5)

2Cu+ + 2H+ + O2 → 2Cu2+ + H2O2

(6)

Given that, copper is a required nutrient, but it is also toxic at relatively low levels, all organisms
need to regulate copper(II) to maintain regular copper(II) levels. In S. pneumoniae this is
accomplished using a series of import and export pumps, chaperons, and copper-dependent
transcription factors work in concert to control intracellular copper(II) concentrations. 31 A
schematic representation of the copper(II) regulation is shown in Figure 1.1.
Originally the cop operon was discovered in Pseudomonas syringe that primarily infects
tomatos.32,33 Since its discovery this operon has been widely studied in several organisms
including Lactobacillus plantarum,34 Streptococcus mutans,10 Escherichia coli,35 Agrobacterium
tumefaciens,36 and Enterococcus hirae.37
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Figure 1.1

Schematic of cop operon role in copper homeostasis in a bacterial cell
(Lactobacillus plantarum).34

Copper homeostasis transcription factor (CopR)
As described above, CopR is the TF that regulates the cop operon responsible for
copper(II) homeostasis in S. pneumoniae. The role of CopR has been extensively studied in
various microorganisms like Pseudomonas aeruginosa,38 Sulfolobus solfataricus,39
Agrobacterium tumefaciens,36 and Pseudomonas syringae.40 There are several proposed
mechanisms regarding the role of CopR in these bacterial cells. One of the hypotheses from
Pseudomonas syringae literature is that the CopR receives a signal from CopS in presence of
excess cupric ions, which then up-regulates the gene in the cop cluster of genes.40 Also, it has
7

been suggested that CopR in Lactobacillus plantarum, a gram positive bacteria, participates in
H2O2 resistance and oxidative detoxification. Furthermore, it has been reported CopR is induced
by copper(II) resulting in activation of copB gene which codes for a copper(II) efflux pumping
protein that is a key element associated with H2O2 concentration and lowering ROS stress.34
Additionally, the CopR in streptococcal plasmid plP501 has been reported to bind DNA in dimer
fashion and also controls the replication of plasmid.39,41 Similarly, mechanistic study of CopR of
Sulfolobus solfataricus suggest that it activates transcription of the copT and copA genes in
presence of excess copper ions. In all cases, CopR is made up of two functional domains; (1) the
N-terminal domain which contains DNA binding site, and (2) the C-terminal region which is
proposed to be responsible for metal ion binding. The proposed mechanism for copper ion
homeostasis in Sulfolobus is shown below;

Figure 1.2

Illustration of role of CopR in Sulfolobus.39
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From these proposed mechanisms we can infer that CopR plays a role in a number of key
functions associated with overcoming copper-based stress. In S. pneumoniae, CopR could be
controlling copper homeostasis by activation of other cop genes such as copT and copS. The
complexity of the systems that are controlled by CopR and their crucial roles in supporting
bacterial cells survive a range of conditions make this TF an excellent focus for further
investigation. Here we describe our initial efforts to investigate a novel, TF CopR from S.
pneumoniae. This report details of our efforts to over-express and purify a recombinant form of
CopR, and describes the initial biophysical characterization the binding of copper(II) to CopR.

9

CHAPTER II
RESULTS AND DISCUSSION
Structural analysis of CopR
His6-CopR, is a recombinant form of S. pneumoniae CopR that has been engineered to
contain an N-terminal, thrombin-cleavable His-tag. Initially His6-CopR contains 151 amino
acids, where CopR, after His-tag removal, consists of 134 amino acids.This effort represents is
the first attempt to study CopR from S. pneumoniae. Currently CopR is structurally
uncharacterized, however a three-dimensional homology model was generated for CopR using
the Phyre2 web portal for secondary and three dimensional structure modeling (Figures 2.1 and
2.2).42

Figure 2.1

Secondary structure of His6-CopR (Phyre2 modeling)
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Figure 2.2

Three-dimensional model structure of CopR generated from thePhyre2
modelling system.

The alpha helix regions are represented by red color, beta sheets are shown in blue, and random
coil regions are shown in white.

According to its primary sequence, CopR belongs to superfamily of “winged helix”
DNA-binding proteins. This is consistent with the primary sequence of CopR from Lactococcus
lactis, which is a similar gram positive bacteria like S. pneumoniae.43 In Lactococcus lactis,
CopR is responsible for not only for copper homeostasis, but it also controls 14 other genes
including some associated with oxidative stress resistance. 44
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Protein Stability
One of the challenges in working with CopR is that it tends to precipitate over time at 10
ᵒC as shown in Figure 2.3. This limited stability of the purified protein hinders further study on
this protein.

Figure 2.3

CopR precipitation/aggregation during a dialysis experiment (A), and during
long term storage for 3 to 4 days at 10 ᵒC (B).

CopR has cysteine residues in its primary sequence (Figure 2.1), which make this protein
vulnerable to disulfide bond formation. Intra- and intermolecular disulfide linkages between
cysteine residues may lead to covalent dimerization or oligomerization and eventually
precipitation.45 Furthermore, the precipitation can be due to formation of intramolecular disulfide
bonds among the cysteine residues during the folding process. 46 The addition of a reducing
agent, dithiothreitol (DTT), shows some ability to stabilize CopR at 10 oC. DTT is known to
reduce the disulfide bonds,47 and in this case shows a distinctive effect on stabilizing CopR in
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solution, Figure 2.4. This result indicates that some of the precipitation may be due to disulfide
bond formation.

Figure 2.4

CopR dialyzed without DTT (A), and CopR dialyzed in presence of 1mM DTT
(B).

In a similar fashion, the electrolyte concentration (in this case the NaCl concentration)
also impacts CopR stability. High concentration of NaCl also enhances the solubility of CopR
dramatically, as shown in Figure 2.5.
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Figure 2.5

Illustration of enhance solubility of CopR precipitate.

The precipitated CopR was made homogeneous and distributed in four test tubes (A, B, C, and
D) Each sample was 1 mL containing CopR and 25 mM Tris buffer with 100 mM NaCl, pH 7.4.
Additional NaCl was added to each tube (labeled as E. A', B', C', D') which represents the tubes
A, B, C, and D with final NaCl concentration of 0.5, 1.0, 1.5, and 2.0 M NaCl, respectively. E
and E' represent a control containing only the buffer.

This observation indicates that CopR precipitation can be minimized through the addition
of a supporting electrolyte. This mechanism of enhancing the protein solubility with increasing
salt concentration is called salting in. 48 In the salting in process the proteins are stabilize through
reducing electrostatic interactions between protein’s surfaces.49 Addition of salts leads to
increased electrostatic interaction between the ions from the salt complexes and protein, limiting
protein/protein electrostatic interactions in accordance to Debye-Hückel theory.50
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Secondary structure of CopR
The secondary structure of CopR was determined by circular dichroism. The obtained
circular dichroism spectrum was analyzed using BeStSel web server.51

Figure 2.6

CD spectrum of CopR.

The CD spectrum of CopR (4.5 μM) was collected in as sample containing 25 mM Tris buffer
with 100 mM NaCl at pH 7.4.The CD spectrum of CopR is shown in black and the fit by the
BeStSel web server is shown in red.

According to BeStSel web server, the alpha helix content in CopR is 25.9 %, antiparallel
beta sheet content is 13.8 %, parallel beta sheet is 0.0%, turn is 18.0%, and others 42.3%.
15

However according to the primary sequence the Phyre2 analysis estimates CopR to be comprised
of approximately 7 % alpha helix 7 % beta strand, and 23 %random coli.

Fluorescence titrations with Cu2+
The titration of copper(II) chloride was carried with apo-CopR and was monitored by
fluorescence emission (Figure 2.7)

Figure 2.7

Fluorescence quenching associated with Cu2+ binding.

Cu2+ was titrated in increasing concentrations ( 0 to 14 μM) from a 300 μM stock solution in to3
µM CopR in a 25 mM Tris buffer solution with 200 mM NaCl at pH 7.4. The fluorescence signal
was collected using an excitation wavelength of 295 nm and emission wavelength 305 nm.
The nature of the copper(II) dependent fluorescence quenching of CopR was analyzed
using the Stern-Volmer equation.(Equation 2.1).52
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FO/F = 1 + Kq [Q]

(2.1)

The variables associated with the Stern-Volmer equation are: FO which is the
fluorescence intensity in absence of quencher, F which the fluorescence intensity in presence of
the quencher, and [Q] represents the concentration of the quencher, which in this case is Cu2+.
The equilibrium constant (Kq) is the quenching constant associated with the binding equilibria.

Figure 2.8

Stern-Volmer plot of FO/F versus Cu2+ concentration deviates from linearity.

The emission intensity was measured at 346 nm and plotted versus the [Cu 2+], where the
concentration of CopR was 3 µM.
Fluorescence quenching can result from different contributing factors such as formation
of complex at ground state, rearrangement of molecules, and collisional quenching. 53 A linear
plot of FO/F against the quencher concentration typically suggest that the quenching is due to
17

collisional interactions between the fluorescent moiety and the quencher. However as this curve
deviates from linearity, it suggests that the quencher has limited access to the fluorophore. 54 In
Figure 2.8, there is a clear deviation from a linear fit as [Cu2+] is increased. We attribute this
deviation to some of the tryptophan residues which are buried in the hydrophobic part of protein
and are not easily accessible to Cu2+.55
Alternatively, the fluorescence quenching may be due to static quenching rather than a
dynamic quenching process.56 In such case modified Stern-Volmer equation 2.2 can applied to
determine number of binding sites and binding constant. 54,57
log[(FO-F)/F] = logKS + n log[Q]

(2.2)

The variables are similar from equation 2.1, however in this equation n is equal to the
number of binding sites and KS is the binding constant associated with Cu2+ binding to CopR.

18

Figure 2.9

Plot of log[(FO-F)/F] against log[Cu2+]

[Cu2+] also equals [CuCl2] and the intercept of this plot is equal to the logKSand the slope is
related to the stoichiometry between quencher and CopR.

From this the plot the KS was estimated to be 1.36 x 107 M-1, and n value was estimated
to be 1.51. The Gibbs free energy at 295 K was obtained to be -9.63 kcal mol-1 using equation
2.3.
∆Gᵒ = - RT lnKS

(2.3)

A related study performed on CopK, a copper binding protein from Cupriavidus
metallidurans, where the estimated the affinity of Cu2+ to CopK was 1 x 106 M-1. This suggests a
similar affinity of Cu2+ binding to CopR. Additionally, similar to CopR predicted model (Figure
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2.4), CopK has two antiparallel β-sheets as in CopR modeled structure and it has been reported
that the C-terminal of these sheets are reported to involve in Cu2+ binding.58
Effect of halide ions on the emission spectra of whole protein
The effect of halide ions (Cl‾, Br‾, and I‾) on the emission spectra of CopR was studied
by selecting the compound that have common cation moiety that is Na+. This was carried out to
investigate the quenching behavior of halide ions on the whole protein. For this the excitation
wavelength was set at 280 nm to excite both tryptophan and tyrosine. It can be observed that
different halide ions have different quenching behavior on the CopR from Figure 2.10.

Figure 2.10

Quenching behavior of Cl‾, Br‾ and I‾ on 2 µM CopR .

The ions titrations were carried out in 25 mM Tris buffer containing 100 mM NaX, where X =
Cl‾, Br‾ and I‾. The concentration range of Cl‾ is from 0 to 2.5 M, Br‾ is from 0 to 1.0 M and I‾
from 0 to 0.75 M. The excited wavelength for all experiments was 280 nm.
Form these plots it can be seen that the I‾ samples have distinctively higher effect on
quenching followed by Br‾ and Cl‾. To understand this difference in quenching behavior of
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halide anions, Stern-Volmer equation (2.1) was taken into account to obtain the quenching
constants related to each halide anions.

Figure 2.11

Stern-Volmer plots of Cl‾, Br‾, and I‾ anions.

The emission wavelengths for all ofthese plots were taken at 337 nm where data was fit to a
linear equation with R2 ≥ 0.99.

From these plots, the quenching constants for Cl‾, Br‾, and I‾ were found to be 0.52 M -1,
1.25 M-1, and 3.43 M-1, respectively. Furthermore, the quenching appears to be collisional (or
dynamic) because the Stern-Volmer plot fits well to a linear equation (R2 ≥ 0.99) indicating that
there is direct contact between the halide ions and the excited state of tryptophan and tyrosine
residues of CopR.52,56 Moreover, this result suggest that the halide ions having greater ionic
radius have a higher quenching constant and are the most effective quenchers compared to
anions having smaller ionic radii. The higher quenching of I‾ suggests that it readily penetrates to
the hydrophobic part of CopR compared to Br‾, and Cl‾. The degree of hydration of halide ions
in the lyotropic series increases as I‾ ˂ Br‾ ˂ Cl‾.59 Also, it has been reported that order of
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quenching among the halides follows Cl ˂ Br<<I which is in accordance with the observed
quenching constants in the Figure 2.11.60
Thermal unfolding and refolding fluorescence study of CopR
The effect of temperature on the emission spectra of CopR was investigated using
thermal unfolding and refolding behavior of CopR. For this the tryptophan was selectively
excited at 295 nm and fluorescence spectra were collected at temperatures between 10 ᵒC to 80
ᵒC with 10 ᵒC increment. This study was carried out to determine the thermal stability of CopR
and the effect of temperature on the local environment of Trp residues. It was found that the
maximum wavelength of emission is red shifted as shown in Figure 2.12(A) and fluorescence
intensity quenches with increase in temperature. This may be due to the fact that as temperature
increases the protein unfolds exposing the tryptophan to hydrophilic environment. 61 Also it has
been reported that the environment of protein is affected by the temperature. This can be
observed by the red shift in emission maximum. 61 However, this red shifted emission maximum
does not change on refolding as shown in Figure 2.12(B). The change in emission maximum
indicates that the local environment of tryptophan has changed to some extent due to temperature
during the unfolding process. Additionally, with each 10 ᵒC decrement of temperature starting
from 80 ᵒC to 10 ᵒC the protein starts to refold with increasing fluorescence intensity.
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Figure 2.12

Temperature dependent fluorescence quenching of CopR.

Quenching of fluorescence intensity of CopR (3 μM) with increase of temperature (thermal
unfolding, A), and increasing in fluorescence intensity with decreasing in temperature (refolding,
B). The buffer used was 25 mM Tris buffer with 150 mM NaCl at pH 7.4. The emission for
unfolding and refolding tends to follow linearity with the change in temperature as shown in
figure 2.13 (A) and (B) respectively.

Figure 2.13

Dynamic slice of fluorescence data at 338 nm

Linear fit of fluorescence emission at 338 nm during unfolding (A,R2 = 0.985), and linear fit of
fluorescence emission at 347 nm during refolding (B, R2 = 0.996).
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In this fluorescence study of unfolding and refolding, not only temperature but also pH
can be the contributing factor. This is because Tris-buffer is known to have changing pH with
change in temperature.62
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CHAPTER III
MATERIALS AND METHODS
Chemicals
All chemicals were purchased from Fischer Scientific, BIORAD, and Gold Bio, and were
used without further purification.
Transformation of plasmid (pCTA) into E. coli by heat shock method
CopR from S. pneumoniae was cloned into pET-15b vector, and this plasmid was named
pCTA. The pCTA was transformed into E. coli(BL21DE3) cells by heat shock, where 2 µL of
pCTA was mixed with 50 µL of competent E. coli(BL21DE3) via sterile pipette. This mixture
was allowed to incubate for about 5 – 10 minutes and then the mixture was placed in a heat block
for 45 s at 42 ᵒC. The tube was then returned to ice to recover for 10-15 min. 500 µL of sterile
LB media was added to the cells and this culture was shaken at 37 ᵒC for 60 min. This culture
was then platted on to an LA plate which contains sterile LB media, agar and ampicillin (0.1
mg/mL). This plate was then grown in an incubator overnight at 37 ᵒC. A schematic
representation of this process is shown below;
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Figure 3.1

Schematic for transformation of pCTA into E. coli.

Over-expression of CopR
The E. coli(BL21DE3)[pCTA] were then used to overexpress CopR in LB media. First, a
single colony of E. coli(BL21DE3)[pCTA] was used to infect a 250 mL sample of sterile LB
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media solution containing 0.1 mg/mL ampicillin. This culture was grown overnight with a
shaking at 200 rpm at 37 ᵒC. Twelve hours later this culture is in stationary phase, where it is
used as a starter culture for x2.5 L flasks containing 1.0 L of sterile LB and 0.1 mg/mL of
ampicillin. These cultures were grown to an optical density at 600 nm (OD 600) of 0.4, 100 mg of,
0.1 mg/mL of isopropylβ-D-1-thiogalactopyranoside (IPTG) was added to each flask to trigger
overexpression of copR gene. These cultures were allowed to shake for additional 4 to 5 hours
and cells were collected by centrifugation at 5,000 rpm for 10 minutes at 4ᵒC. The cells were
stored at negative 80 ᵒC until when needed.
Isolation of CopR
The E. coli(BL21DE3)[pCTA] cell pellet collected by centrifugation was resuspended in
approximately equal volume of 25 mM Tris, 200 mM NaCl buffer solution at pH 7.4. The
culture was kept cold (~ 4 ᵒC) until the culture was uniformly distributed. Then the sample was
sonicated using an ultrasonic dismembraner (BRANSON SONIFIER 250) using one minute
cycle where 20 second pulses where used with 20 second resting periods between each pulse.
This cycle of sonication and cooling was repeated for 3 times to completely lysed most of the
cells. The sonicated cells were then spun at 10000 rpm for 30 minutes at 4 ᵒC. The supernatant
was decanted from the pelleted cellular debris then either frozen or concentrated in a centrifugal
concentrating device before further use.
Fast Protein Liquid Chromatography (FPLC) for protein purification
The protein was purified using a BioRAD Duo Flow FPLC system with Ni-NTA column.
A gradient flow method was developed for the isolation of the polyHis tagged (His6-CopR). The
Ni-NTA column was first equilibrated in buffer A (25 mM Tris, 200 mM NaCl, at pH 7.4),
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where the cell extract from the E. coli(BL21DE3)[pCTA] were loaded on to the column. A slow
linear gradient was used where the elution buffer (buffer B) was slowly increased over time.
Buffer B was 25 mM Tris, 200 mM NaCl, 100 mM imidazole buffer at pH 8.0. A schematic
representation of the protein isolation process is shown below:

Figure 3.2

Schematic of FPLC for protein purification
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The resulting FPLC chromatogram for His6-CopR and CopR are shown below:

Figure 3.3

FPLC chromatogram of His6-CopR (Black), and CopR (Red).

The peak around 90 minutes in the above graph (Black) indicates the elution of His6-CopR, and
the peak around 15 minutes (Red plot) indicates CopR after removal of His-tag.

His-tag cleavage
The His6from His6-CopR was cleaved using thrombin (22 units of thrombin per 1mg/mL
of CopR). In this process thrombin was added to the protein solution and was dialyzed overnight
in a 25 mM Tris, 200 mM NaCland 1 mM DTT buffer at pH 7.4. DTT was removed from the
protein solution by dialysis, where DTT was needed to stabilize CopR under these conditions.
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Note: DTT is not compatible with Ni-NTA column and should be removed before the
chromatography steps. Thrombin was then removed with benzamidine tethered to a solid phase
medium. The benzamidine media were removed by centrifugation of the sample for 30 minutes
at 4,000 rpm at 4 ᵒC. The supernatant was collected, and it was reapplied to the Ni-NTA column,
where the His-tag free CopR should elute rapidly and His6 tag will elute at high imidazole
concentrations. A schematic representation of the His-tag cleavage process is shown below;

Figure 3.4

Schematic representation of His-tag removal from His6-CopR.

Determination of protein concentration using Bradford method
The protein concentration of CopR was determined using Bradford method, due to the
fact thatCopR has significant absorption at both 260 and 280 nm. This complicated UV signature
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indicates that some adventitious DNA may be bound to the protein initially. The presence of
DNA limits our ability to use the protein signature at 280 nm to estimate concentration. Bovine
serum albumin (BSA) was used as the protein standard; however the Bradford assay can give
estimations of the CopR concentration. This method uses a colorimetric dye to bind to bind to
the surface of a protein, where its color is changed from brown to blue in the process. The
intensity of the dye is proportional to the soluble protein in solution. The UV-visible spectra of a
series of BSA samples with Coomassie dye at different concentrations were recorded between
400-700 nm, where the absorbance at 595 nm correlates in a linear fashion with the
concentration of the BSA (Figure 1.5). The protein concentration was regularly determined using
the Bradford assay.

Figure 3.5

(A) UV-Vis of BSA standards, (B) Linear regression fitting for absorbance at
595 nm.
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was used to determine the purity and to confirm the molecular weight of the
isolated protein.

Figure 3.6

SDS-PAGE showing bands of His6-CopR in red rectangle, and (B) SDS-PAGE
showing bands of CopR in green rectangle and His6-CopR in red rectangle.

Determination of Copper content by Atomic Absorption Spectroscopy (AAS)
The copper content in the isolated protein was determined using atomic absorption
spectroscopy. The analytical wavelength to determine the copper concentrations was 324.7 nm,
where the working range is between 0.03 to 10 μg/mL(ppm) copper. The concentration of
protein was determined using Bradford assay as described above, where the protein was
dissolved in a 5% nitric acid solution. Copper(II) standards were made using a similar 5%
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HNO3solution for calibration purposes, where the standard curve associated with the analysis is
given below.

Figure 3.7

Calibration curve for Cu standard using AAS.

These data points are the average of two readings (R2 = 0.998).The ratio of copper to CopR was
found to be 11:1.

The equation used in this analysis was linear regression equation of the above fit,
y = mx + c

(2.4)

Where, x is the concentration of copper in the sample, y is absorbance, m is slope and c is
y-intercept.
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Fluorescence spectroscopy
The fluorescence experiments were collected on two different fluorimeters, one is from
Olis DM 45 spectrophotometer and the other from Fluoromax-4 Spectrofluorometer. Generally
fluorescence data was collected using the excitation wavelength of 280 nm to study the behavior
of whole protein and 295 nm to selectively excite tryptophan residues. In all experiments 1 cm
path length cuvette was used. The integration time used was 1 s for quenching experiments and
0.3 s for copper titrations and thermal studies. All experiments were conducted at room
temperature except for thermal unfolding and refolding studies.
Circular Dichroism (CD) spectroscopy
CD experiment was performed to estimate the secondary structure of protein using Olis
DSM 20 CD spectrophotometer. Far UV CD experiments were performed using 1 cm path
length cuvette in which matching the dialysis buffer (25 mM Tris, 100 mM NaCl buffer at pH
7.4) was used as reference. The smoothing was done by using digital filter 11 provided in the
Olis DSM 20 CD spectrophotometer.
UV-Vis experiments
The UV-Vis experiments were performed using Olis14 UV/VIS/NIR Spectrophotometer
using 1 cm path length cuvette.
Molecular modeling
The molecular modeling of CopR was performed using Phyre2 web portal. 42
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CHAPTER IV
CONCLUSIONS
The cloned pCTA was successfully transformed into E. coli(BL21DE3) competent cells.
The resulting E. coli(BL21DE3)[pCTA] cells were grown and CopR was overexpressed. Then
using affinity chromatography and other common biochemical techniques, purified metal-free
CopR was obtained. The instability of CopR was studied where the application of DTT or high
electrolyte concentration leads to a more stable protein. Various aspects of initial biophysical
studies of this copper homeostasis TF was carried out to understand its interaction with Cu 2+ and
halide ions. Additionally, thermal unfolding and refolding behavior of this TF was also studied.
A new target for controlling S. pneumoniae is to limit its ability to respond to changes in
micronutrient availability, including Cu2+ ions. The future work of this project will be focused on
understanding the biophysical interactions between CopR with Cu2+, then changing focus to
CuCopR with DNA as shown in Figure 4.1. Understanding these interactions is a key to
developing new drugs to target these pathways.
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Figure 4.1

Postulated mechanism of CopR interactions to maintain copper homeostasis in S.
pneumoniae. The red equilibria represent potential processes for drug targeting.
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